Abstract The aim of this study was to investigate the synergistic effect of cold atmospheric plasma (CAP) treatment and RGD peptide coating for enhancing cellular attachment and proliferation over titanium (Ti) surfaces. The surface structure of CAP-treated and RGD peptide-coated Ti discs were characterized by contact angle goniometer and atomic force microscopy. The effect of such surface modification on human bone marrow derived mesenchymal stem cells (hMSCs) adhesion and proliferation was assessed by cell proliferation and DNA content assays. Besides, hMSCs' adhesion and morphology on surface modified Ti discs were observed via fluorescent and scanning electron microscopy. RGD peptide coating following CAP treatment significantly enhanced cellular adhesion and proliferation among untreated, CAP-treated and RGD peptide-coated Ti discs. The treatment of Ti surfaces with CAP may contribute to improved RGD peptide coating, which enables increased cellular integrations with the Ti surfaces.
Introduction
Dental implant applications have been gold standard oral rehabilitation technique for partially or fully edentulous patients [1, 2] . However, due to the insufficient osseointegration, which causes micromotion of the implant, up to 10% of these implants fail at the early stages of integration [3, 4] . Titanium (Ti) and Ti alloys, particularly Ti6Al4 V, are commonly used material to manufacture dental implants, due to their biocompatibility, suitable mechanical properties and resistance to corrosion [5] . Ti implant surface modifications by surface treatment or bioactive material coating have been attractive techniques to improve osseointegration capability that directly enhances stability and reduces failures of the implants [6, 7] .
Osseointegration of Ti dental implant is a biological process that involves formation of new peri-implant bone in direct contact between implant surface and adjacent bone tissue [8, 9] . Implant surface is modified to achieve high bioactivity with optimal biological responses of surrounding osteogenic cell environment [10] . Due to the close relationship between implant surface properties and osseointegration time and quality, different surface modification techniques have been applied to dental implants in last two decades [11] . The ultimate goal of such surface modifications is to convert osteoconductive surface of dental implants to bioactive surface that could accelerate the bone tissue formation.
The key factors to achieve optimum surface properties of Ti implants are correlated to roughness, topography, chemical composition and surface energy [12] . Dental implant surface characteristics affect the normal host biological response such as extracellular matrix (ECM) protein adsorption, cell/tissue growth, cell-implant surface interaction at the interface between the implant body and surrounding environment [13] . Interactions at the cell-implant interface play a major role to determine the success of the implant by influencing the processes of cell adhesion, proliferation, and differentiation. Higher bone apposition rate has directly been linked to increased roughness and hydrophilicity of the Ti implant surfaces [14] . Also, in vivo and in vitro studies demonstrated higher affinity of mature osteoblasts to rougher and more hydrophilic Ti surfaces [15] [16] [17] [18] .
Surface energy and chemical composition of the dental implant surface are gaining interest since those parameters directly affect the hydrophilicity of the Ti surface [19] . As demonstrated previously, higher hydrophilicity of implant surfaces expedites osseointegration compared with hydrophobic surface implants both in animal and human models [20, 21] . Moreover, increasing implant surface wettability presents greater bone-to-implant contact (BIC) and interfacial shear strength over microrough surfaces alone [13, 22, 23] .
Methods to get more hydrophilic surface have been made in the form of physicochemical modifications such as anodic oxidation [24] , acid treatment [25] , and hydrogen peroxide treatment [26, 27] . Cold (non-thermal) atmospheric plasma (CAP) is also reported as another method, that increases the surface hydrophilicity of the various materials including Ti [28] . Plasma is defined as ionized gas, which comprises highly reactive particles such as electrically excited atoms, molecules, and ionic and free radical species. These highly reactive plasma species change the properties of the materials' surfaces by the way of interacting with clean and etched surfaces, bonding to various materials or gathering to form a thin layer of plasma coating [29] . CAP treatment holds the hydroxyl groups temporarily to cover the material surface that significantly improves surface's wettability, modifies the oxide layer that reacts with proteins and cells of surrounding environment and can lead to an increased adhesion of osteoblasts [30, 31] .
Another approach for physicochemical surface modifications is the conjugation of bioactive peptides, which are found in the ECM proteins, to enhance osteoprogenitor cell adhesion [32] . Peptides are composed of short amino acid sequences that can function as a conjoining unit between integrin receptors of cells and material surface. The RGD (arginine-glycine-aspartic acid) peptide derived from fibronectin and vitronectin is one of the common peptide sequences, which acts as a binding unit for alpha/beta integrin receptors during osteoprogenitor cells adhesion and migration [33] . It was reported that RGD peptide coating significantly enhanced osteoblast adhesion on the dental implant surface and shorten the osseointegration process [34] [35] [36] [37] . For instance, Yang et al. investigated the effect of RGD peptide coating on titanium implants for the formation of BIC. The results revealed that RGD-coated implants exhibited significantly greater percentages of BIC compared to neat titanium implants at 4, 8, and 12 weeks after implantation. Furthermore, the RGD-coated implants significantly increased the removal torque values at 8 and 12 weeks after implantation [38] .
We hypostasized that CAP treatment modifies the Ti surface for enhanced conjugation of RGD peptide to improve cellular adhesion which subsequently may lead accelerated healing of jaw bone in future possible clinical applications. Despite enhanced cellular adhesion on Ti implants in consequence of individual RGD peptide coating and CAP treatment were reported, the synergistic effect of CAP treatment and RGD peptide coating has yet to be studied. In this study, we examined the attachment and proliferation of human bone marrow derived mesenchymal stem cells (hMSCs) on synergistically modified surface of Ti discs. In addition, we also compared effects of RGD peptide coating, CAP treatment and their combination on the hMSCs adhesion to titanium surface along with cell morphology and proliferation.
Materials and methods

Synthesis and characterization of RGD peptide
The RGD peptide used in the present study refers to GlyArg-Gly-Asp-Ser-Lys (GRGDSK) peptide sequence. RGD peptide was synthesized manually on Fmoc-Rink amide 4-methylbenzhydrylamine (MBHA) resin as described previously [39, 40] . All the chemicals used for peptide synthesis were provided from AAPPTech (Louisville, KY, USA). Briefly, the Fmoc-protected amino acid (6 equiv), N,N 0 -di-isopropylcarbodiimide and hydroxybenzotriazole (12 equiv) were added into reaction tube where 100 mg of Rink amide MBHA resin was swelled in N,N-dimethylformamide (DMF) for 2 h before the reaction. Next, 0.2 ml of 0.05 M N,N-dimethylaminopyridine (DMAP) was added to the mixture and the coupling reaction was carried out for 4-6 h at 30°C in an orbital shaker. The resin was tested for the presence of unreacted amines using the Kaiser reagent. Fmoc deprotections were performed with 20% Cyclohexylamine/DMF solutions for 15 min and every amino acid were coupled using the same method. Cleavage of peptides from the resin was performed using a mixture of 95% trifluoroacetic acid (TFA)/2.5% triisopropylsilane (TIPS)/2.5% water for 3 h. Rotary evaporator was used to remove TFA. Remaining viscous peptide solution was poured into cold ether and suspension was centrifuged, the supernatant was decanted, and the solid was allowed to dry in the desiccator. Next, peptide was dissolved in DI water and freeze dried. The RGD peptide was purified and characterized by preparative high-pressure liquid chromatography (HPLC, Agilent 1260 Quaternary LC) equipped with mass spectrometry (Agilent 6530 Q-TOF) with an electrospray ionization (ESI) source.
Surface modification of titanium discs
ISO 5832-2, grade 4 titanium discs (8 mm diameter, 2 mm thickness) were kindly donated by Titania Medical Devices (Izmir, Turkey). Surface modifications made by three different groups on control Ti discs, CAP-treated, RGD peptide-coated and CAP-treated ? RGD peptide Ti discs.
CAP treatment was performed as described previously [28] . A custom made, microsecond-pulsed, alternating current (AC) power supply (Advanced Plasma Solutions, Melvern, PA, USA) was utilized to generate cold, atmospheric pressure air dielectric barrier discharge (DBD) plasma. Titanium discs were placed on 1 mm thick glass slide, which is attached to a grounding electrode. A copper plate whose surface was covered with a 1 mm thick glass slide was used as high voltage electrode to form DBD set-up. The discharge gap in which CAP generated between the surface of high voltage electrode and surface of titanium disc was fixed to 2 mm. The microsecond AC power supply was operated at 1.5 kHz and 31.4 kV for various time points (Fig. 1) .
RGD peptide conjugation was carried out by using a previously described procedure [41] . Briefly, 1,1 0 -carbonyldiimidazole (CDI) (Sigma-Aldrich, St. Louis, MO, USA) was used for activation of Ti samples and for peptide conjugation [42] , CAP-treated and untreated Ti discs were kept in the hydrogen peroxide solution (30%) at 60°C for 24 h. Ti samples were washed with acetone for five times then incubated with CDI solution in acetone (20 mg/ml) for 30 min with gentle stirring. Discs were washed with acetone for five times to remove uncoupled CDI molecules. Synthesized peptide molecules were dissolved in 100 mM NaHCO 3 at the concentration of 1 mg/ml. The reaction between CDI activated Ti surface and free amino group on lysine of RGD peptide was carried out for 36 h at room temperature with gentle shaking. Ti samples were sterilized via immersing in ethanol solution (70%) for 60 min and washed by sterile PBS for five times.
Surface characterization of titanium discs
Determination of the presence of RGD peptide on RGD peptide-coated Ti discs were characterized as performed in a previous study [43] . Fluorescein isothiocyanate (FITC) (Sigma Aldrich, St. Louis, MO, USA) was used to label RGD peptide-coated Ti discs. Fluorescently labelling reaction was performed in 5 mg/ml Dulbecco's phosphatebuffered saline (PBS; Cellgro, Herndon, VA, USA) for 4 h at ambient conditions. FITC were reacted with the free amine group of the lysine on the peptide chain. Labeled peptides were immobilized to the Ti samples as the procedure mentioned before. Fluorescence microscopy (Olympus CKX41, Tokyo, Japan) was used to visualize immobilized FITC-peptide molecules on the titanium surfaces.
Effect of CAP treatment, RGD peptide coating and CAP ? RGD application on Ti disc surface hydrophilicity was assessed by contact angle measurements. Contact angle measurements on Ti discs were performed thrice in triplicate using KSV Attension Theta goniometer (Biolin Scientific, Stockholm, Sweden). 4 lL droplet of distilled water was dripped over titanium discs. Contact angle was measured from right and left sides of the droplet over the titanium disc surface. Total 120 measurements were obtained from right and left sides of the droplet and the contact angle was calculated as the mean of all measurements by the system. Atomic force microscopy (AFM) was used to investigate the surface topography of the surface modified Ti discs. Prior to AFM measurements, control, CAP, RGD, and CAP ? RGD groups of Ti discs were dried at room temperature for 30 min. AFM measurements were performed at ambient conditions by using an instrument (Nanosurf Flex, Liestal, Switzerland) in tapping mode with a V-shaped cantilever (frequency = 164 kHz, L = 225 mm, W = 40 mm, tip radius = 10 nm, spring constant k = 0.2 N/m) for the images. Contact mode was used to capture topography images and a 10 9 10 lm 2 area was analysed.
Surface potential on control, CAP, RGD, CAP ? RGD discs were characterized using the Scanning Kelvin Probe technique on a Kelvin Probe AFM (NTEGRA Solaris, NT-MDT, Moscow, Russia). The measurements were performed for each disc on three random locations on each of the three replicates under dry conditions.
Cell attachment and proliferation analysis
Human bone marrow derived mesenchymal stem cells (hMSCs) (HMSC-AD-500, CLS cell lines Service, Lot#102, Eppelheim, Germany) were used in this study. hMSCs were routinely cultured in 75 cm 2 culture flasks at 37°C and 5% CO 2 atmosphere with Dulbecco's Modified Eagle's Medium (DMEM) (Sigma Aldrich, St. Louis, Missouri, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, Steinheim, Germany), 1% Lglutamine (Genaxxon BioScience, Ulm, Germany), and 0.1% penicillin/streptomycin (Genaxxon BioScience, Ulm, Germany). Cells were kept in exponential phase and used at passage three.
hMSCs were seeded directly on the top of control, CAP, RGD and CAP ? RGD group of discs at a density of 40,000 cells/cm 2 . Cell proliferation analysis was assessed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Invitrogen, Waltham, MA, USA) assay according to the manufacturer's instructions, after 1, 4, and 7 days of incubation. Briefly, MTT solution was (5 mg/ mL) added into culture medium (with 10% concentration) and incubated for 2 h at 37°C. Next, the medium was replaced with 500 lL DMSO (Sigma Aldrich, St. Louis, MO, USA), and the optical density for each well was measured at 540 nm using a Synergy TM HTX Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA). Measured absorbance values were correlated to the equivalent number of cells by using a calibration curve constructed with reference number of cells. Effect of different surface modifications on initial cell adhesion were analyzed 24 h after cell seeding by MTT assay and cell adhesion study.
DNA content of cell-seeded control, CAP, RGD, CAP ? RGD discs were analysed at day 1, 4, and 7 using Quant-it PicoGreen assay (Invitrogen, Grand Island, NY, USA) according to manufacturer's instructions as previously described [40, 44] . Briefly, 100 ll of cell lysate were mixed with 100 ll of working solution and incubated for 4 min at ambient conditions. DNA quantification was carried out using a plate reader with emission and excitation wavelengths of 485 and 528 nm, respectively. Measured fluorescence intensity values were correlated to the equivalent DNA content by using a calibration curve constructed with serial diluted known concentration of DNA content.
Cell adhesion was also characterized by immunofluorescent staining as previously described [40, 45] . Briefly, cell-seeded (40,000 cells/cm 2 ) control, CAP, RGD, CAP ? RGD discs were washed twice in PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 12 h. Then, 0.1% Triton X-100 and 100 mM glycine in PBS were treated for 1 h to permeabilize the cells for 1 h and blocked with 1.5% bovine serum albumin (BSA) and 0.5 mM glycine in PBS for 2 h. Next, discs were incubated with 0.16 lM Alexa Fluor Ò 594 phalloidin (Invitrogen, Waltham, MA, USA) and 300 nM DAPI in PBS for 30 min to stain actin filaments and nuclei of the cells, respectively. Fluorescence microscopy images of stained discs were taken at same exposure time and light intensity for each group. The percentage of surface area covered by adhered and spread cells on control, CAP, RGD, CAP ? RGD discs at day 1 were analyzed by using the ImageJ software (NIH, Bethesda, MD, http://www.rsb.info.nih.gov/ij).
To investigate cell morphology, representative samples from each group at day 7 were fixed using 2.5% glutaraldehyde and 2% osmium tetroxide. Next, samples were dehydrated by incubating the Ti discs for 2 min in 20, 40, 60, 80, and 100% ethanol, sequentially. Dried samples were visualized with SEM at an accelerating voltage of 5 kV (FEI Quanta 250 FEG, FEI Inc., OR, USA).
Statistical analysis
All data were expressed as mean ± standard error and were statistically analysed by one-way ANOVA (SPSS 12.0, SPSS GmbH, Germany) and the Student-NewmanKeuls method as a post hoc test. Significant differences between groups were determined at p values at least less than 0.05. (*p \ 0.05, **p \ 0.01, ***p \ 0.001).
Results
Characterization of surface modified Ti discs
The RGD peptide was covalently attached to Ti discs by the reaction between the free amino groups of the lysine residue of RGD peptide and CDI activated Ti surface, as shown in Fig. 2 . To examine the presence of RGD peptide, surface modified Ti implants were analyzed by fluorescence microscopy. Fluorescence microscopy images of control, CAP, RGD coated, and CAP ? RGD groups are shown in Fig. 3A-D, respectively. The representative fluorescence micrograph clearly showed that RGD and CAP ? RGD coated groups showed intense fluorescent emission from FITC conjugation, while control and CAP applied groups showed no presence of FITC. Although the fluorescent microscopy images were taken at the same intensity for all groups, CAP ? RGD Ti discs showed brighter surface compared to RGD coated Ti discs.
As depicted in Fig. 4A , hydrophilicity of titanium disc surfaces increased significantly with increasing plasma treatment duration. In detail, contact angle was determined as 84.6°for untreated control titanium discs (Fig. 4A, B (Fig. 4A, C) . The measured contact angles on titanium discs reached a plateau in consequence of plasma treatment duration more than 60 s and were determined around 6°for 120 and 180 s of CAP treatment time. Moreover, also RGD peptide coating improves hydrophilicity of titanium disc surfaces compared to control samples significantly. The contact angle on RGD peptide-coated Ti discs was measured as 26.8° (Fig. 4D) . Furthermore, 60 s of plasma treatment of Ti disc prior to RGD peptide coating led an increase on the hydrophilicity of Ti disc surface compared to control and only RGD coated samples in which the contact angle on plasma treated-RGD coated titanium discs was determined as 12.1° (Fig. 4E) .
Roughness analysis of the surface modified Ti discs was conducted by using AFM (Fig. 5) . For each surface modification, Ti (control), CAP treatment, RGD peptide coating and RGD coating following to CAP treatment Ti discs (areas of 10 lm 9 10 lm) were subjected to analysis. The areal average surface roughness (S a ) of the Ti disc (control) was 76.7 ± 2.4 nm (Fig. 5A) . After the treatment with CAP, the surfaces showed a small increase in roughness to 92.1 ± 1.6 nm (Fig. 5B) . Moreover, direct and after CAP treatment RGD peptide coating on Ti surfaces and increased roughness to 321.1 ± 9.6 and 356.2 ± 8.2 nm, respectively (Fig. 5C, D) .
Surface potentials of titanium discs following CAP treatment, RGD conjugation and CAP ? RGD conjugation were determined by measuring the local contact potential difference (CPD) between titanium disc surfaces and AFM conductive tip. As depicted in Fig. 6 , the surface potential of control titanium discs without any surface modification was measured as 0.587 V whilst surface potentials for CAP treatment, RDG conjugation and CAP ? RGD conjugation were determined as 0.115, 0.307 and 0.184 V, respectively. 
Cell adhesion and proliferation on surface modified Ti discs
Cell proliferation on surface modified Ti discs was assessed by MTT assay. As shown in Fig. 7A , cell adhesion, which can be correlated with day 1 MTT results, were significantly higher on CAP, RGD and CAP ? RGD compared to control group (p \ 0.05). For instance, cell number after day 1 on CAP (9083 ± 1186), RGD (15,583 ± 4541), and CAP ? RGD (27,917 ± 3767) groups was significantly higher compared to control (4250 ± 1287; p \ 0.05).
After day 4, cell number was the highest on the CAP ? RGD (50,917 ± 12,719) discs followed by RGD (29,583 ± 6194), CAP (16,250 ± 3775) and control (8667 ± 2106) group. CAP ? RGD (p \ 0.01), RGD (p \ 0.05), and CAP (p \ 0.05) groups were significantly higher compared to control groups. Furthermore, there was also significant difference between CAP ? RDG and CAP groups (p \ 0.01). At day 7, cell numbers on CAP (27,250 ± 5131; p \ 0.01), RGD (38,182 ± 9569; p \ 0.01), and CAP ? RGD (110,750 ± 9291; p \ 0.001) groups were significantly higher compared to control discs (10,083 ± 4342). Additionally, CAP ? RGD had significantly higher cell number compared to CAP and RGD groups (p \ 0.001). The DNA content of hMSCs seeded on control, CAP, RGD and CAP ? RGD group of discs with respect to incubation time is shown in Fig. 6B . For all time points, total DNA content on the control group was significantly lower than CAP, RGD, and CAP ? RGD groups. In detail, at day 1, the DNA content on CAP (p \ 0.05), RGD (p \ 0.01), and CAP ? RGD (p \ 0.001) groups were significantly higher of 1.6-, 2.9-and 3.5-fold compared to control group, respectively. At day 4, the DNA content on CAP ? RGD were higher of 1.2-, 2.2-, and 3.6-fold compared to RGD, CAP (p \ 0.01), and control groups (p \ 0.001), respectively. Similar trend was observed at day 7 where DNA content on CAP ? RGD was significantly higher of 1.6-, 1.8-, and 3.1-fold compared to RGD, CAP, and control groups (p \ 0.001), respectively. The results of MTT assay and DNA content suggested that CAP treatment followed with RGD peptide coating showed improved surface properties for cell adhesion and proliferation.
Fluorescent micrographs representing morphology of hMSCs seeded on control, CAP, RGD, and CAP ? RGD groups at day 1 were presented in Fig. 8A -D, respectively (blue for nuclei and red for cytoskeletal actin). The images indicated that each surface of the discs supported cellular adhesion and spreading. The fluorescent micrographs of hMSCs were analysed with ImageJ to determine the effect of surface modification on hMSCs adhesion. It was observed that percentage of the surface area covered by hMSCs increased with surface modifications of CAP, RGD, and CAP ? RGD. In detail, surface area occupied by hMSCs covered 20.12 ± 2.2, 27.83 ± 5.7, 36.143 ± 7.5, and 47.35 ± 8.1% of total surface on control, CAP, RGD, and CAP ? RGD groups, respectively. SEM images of control, CAP, RGD, and CAP ? RGD groups after 7 days of cell culture were shown in Fig. 9A -D, respectively. Typical hMSCs morphology on the surface of all discs with different spreading capacity was observed. Furthermore, RGD coating not only increased spreading area of hMSCs, but also increased the number of cells.
Discussion
Developing ideal implant surface induces improved cellular interactions which directly affects the osseointegration process of the dental implants. Implant surface is modified to achieve high bioactivity with optimal biological responses of surrounding osteogenic cell environment [10] . Due to the close relationship between implant surface properties and osseointegration time and quality, different surface modification techniques including ultraviolet (UV) light, laser, plasma treatments and RGD coating have been utilized to alter surface properties of Ti implants in order to achieve enhanced cellular attachment on implant for accelerated healing process [11, [46] [47] [48] . The ultimate goal of such surface modifications is to convert osteoconductive surface of dental implants to bioactive surface that could accelerate the bone tissue formation. In the present study, we modified the surface of Ti discs via CAP treatment, RGD peptide coating and CAP treatment followed with RGD peptide coating, and evaluated the in vitro hMSCs adhesion and proliferation. Ti discs coated with the FITC labeled peptide were detected by fluorescence microscopy to confirm the successful coating of RGD peptide. Micrographs of control and CAP-treated discs were not revealed any fluorescence signal while RGD and CAP ? RGD groups demonstrated intense fluorescent emission, which proves RGD peptide completely coated on the surface (Fig. 3) . Effect of CAP treatment for increased RGD peptide conjugation on titanium discs were clearly manifested by micrographs obtained following FITC labeling. As depicted in Fig. 3 , CAP treatment prior to RGD coating clearly caused increased fluorescence intensity compared to only RGD coated group. Such result might rise in consequence of increased hydroxyl groups after CAP treatment that initiate RGD peptide coating. Similarly, Seo et al. [43] reported increased fluorescent intensity after FITC labeled RGD peptide coating on Ti samples.
Plasma is as an established method for the cleaning of titanium materials to be used medically [49] . Also, plasma treatment increases surface hydrophilicity via affecting oxide layer which interacts with proteins that play role on cell attachment [28, 50, 51] . Increased hydrophilicity of titanium dental implant surfaces improves adhesion of cells and proteins to the surface of implant and thus accelerates healing [47, 50, 52] . Similarly, in the present study, we also observed substantial increase in hydrophilicity of Ti discs. In detail, the contact angle was decreased exponentially with respect to increasing CAP treatment duration up to 60 s (Fig. 4) . However, further decrease of contact angle was not observed in consequence of extended treatment durations which could be attributed to achievement of completion of chemical interactions in between Ti disc surface and plasma discharge in 60 s. It could be deduced that 60 s of CAP treatment exposed the maximum number of hydroxyl groups on the surface of the Ti discs. Moreover, 60 s of CAP treatment resulted as 6 degrees of contact angle which is considered as an indicator of superhydrophilic surface that strongly enhances protein adsorption and cell attachment. Plasma is the fourth state of matter and a complex medium that contains free electrons, free radicals, reactive oxygen (ROS) and reactive nitrogen species (RNS) along with UV light [53] . In addition to role of hydroxyl groups for reduced contact angle, UV light generated during formation of plasma discharge may also show a synergistic effect on increased hydrophilicity [28] .
RGD peptide coating also boosted the hydrophilicity of the Ti discs. The contact angle was measured as 26°for RGD group whereas CAP ? RGD resulted in a further decrease on contact angle to 12°. The reduction of contact angle could be related with the increased RGD peptide coating on the Ti discs. Such result also indicates that plasma treatment caused augmented interaction with RGD peptide and Ti surface. The decrease of the contact angle after RGD peptide-coated on the pre-CAP-treated Ti discs could be correlated with the hydrophilicity of six amino acid containing RGD peptide. Consistently, we have observed superior hMSCs adhesion and proliferation on CAP ? RGD groups compared to only CAP and only RGD group. Thus, in the present study we reported enhanced conjugation of RGD peptide to Ti surface (which increases cellular viability and attachment) in consequence of plasma treatment rather than increased cellular Fig. 9 SEM micrographs of hMSCs cultured for 7 days on the surface of A control, B CAP, C RGD, and D CAP ? RGD. Scale bar represents 100 lm attachment via only plasma treatment as opposed to literature [40] . In conclusion in the present study plasma treatment is defined not only as a method for enhancing hydrophilicity and cellular attachment but also an intermediate step for increasing RGD peptide conjugation to improve cellular attachment and viability. Despite various studies reporting no remarkable improvement of cellular attachment to surfaces with contact angle values less than 60°, there are also reports stating improved cellular attachment in consequence of decreasing contact angle below 60°. Increased contact angle of metallic implants was correlated to enhanced cell adhesion, proliferation differentiation and mineralization particularly on titanium implants [22, 54] . Positive influence of the superhydrophilicity on enhanced cellular attachment was attributed to increased interaction of blood components with implant surface which is needed for protein adhesion on implant-a crucial process for cellular attachment [55] [56] [57] .
AFM images of the surface topography of control, CAP, RGD, and CAP ? RGD are shown in Fig. 5A -D, respectively. It was demonstrated that CAP treatment and RGD peptide coating increased the surface roughness (S a ) of Ti discs. It was also observed that the surface roughness increased at same rate for control to RGD and CAP to CAP ? RGD groups which could be considered as indication of an efficient RGD peptide coating on RGD and CAP ? RGD group. Kook et al. and Sechi et al. also demonstrated that RGD peptide coating on Ti surfaces resulted with greater surface roughness [43, 58] .
Cell adhesion, spreading and proliferation are directly related with the surface properties of biomaterials including roughness and wettability [59] . Huang et al. [60] demonstrated that increased surface roughness on Ti surfaces significantly enhanced osteoblast-like U2 OS cells. Cell adhesion process on biomaterials starts with adsorption of serum proteins on the substrate. Protein adsorption directly influences the biocompatibility of the Ti surfaces and increases the cell adhesion [61] . In addition, rough surfaces also provide higher surface area which increases the interaction between Ti surface and integrin binding points of the cells [62, 63] . Previous studies compared the effect of different surface roughness values on cell adhesion. For instance, Mustafa et al. investigated the effect of different surface roughness of titanium surface on cellular adhesion. It was observed that cellular adhesion significantly increased when Ti surface roughness (S a ) increased from 0.2 to 1.3 lm. However, further increase in surface roughness did not influence cell adhesion [64] . However, in another study, Ponsennet et al. [65] stated that cell proliferation was negatively affected when surface roughness of Ti surface reached over 1 lm of S a value. Therefore, it could be speculated that optimal S a of Ti surfaces should be lower than 1 lm in terms of both cellular adhesion and proliferation. In our study, surface modifications of CAP treatment, RGD and CAP ? RGD coating did not exceed the S a value over the reported suitable range. Peptide coating on Ti surfaces also affects the roughness. For instance, Mante et al. demonstrated that RGD coating on Ti discs significantly increased the surface roughness. It was also noted that higher quantity of the RGD peptide attachment obtained when coating conducted on rougher surfaces because of the increased surface area for attachment [66] . It is consistent with our findings of increased peptide coating after CAP treatment of Ti discs, where surface roughness was enhanced. Similar to our findings, Secchi et al. [67] reported increased roughness after RGD peptide coating on Ti alloy surface.
Plasma treatment might cause chemical and physical modifications on various surfaces such as etching [68] . Increase of wettability is closely related with increased roughness [69] . However, plasma related increased wettability doesn't necessarily show direct correlation with roughness. Our results indicate that, in the present study chemical effects of CAP treatment seems dominant over physical effects of plasma such as etching. Similarly, Ito et al. [70] has reported increased wettability with no remarkable influence on surface roughness following CAP treatment. In another study, it was obtained that RGD peptide coating decreased the contact angle of neat Ti alloy surfaces without changing the roughness [67] . Although slight increase observed in contact angle values on RGD and CAP ? RGD groups, cell adhesion and proliferation were significantly higher compared to CAP and control groups. Similar to our findings, slightly increased contact angle values after chemically coating of RGD peptide was obtained previously [67] . It is considered that for the RGD and CAP ? RGD groups, RGD peptide coating was the major factor on enhanced cellular adhesion compared to surface roughness and wettability.
Surface potential of titanium discs was decreased in CAP-treated, RGD coated and CAP ? RGD groups. Previous studies have correlated decreased surface potential with increased negative charge on the surface which could be considered as a sign of increased number of hydroxyl groups on the surface of titanium discs treated with CAP, coated with RGD and their combination [71] . Such findings show consistency with cellular adhesion results as shown in Fig. 8 , which could be the result of increased RGD conjugation on titanium discs via increased hydroxyl groups.
Cell proliferation and total DNA content were obtained at 1, 4 and 7 days after hMSCs seeded on the surface of control, CAP, RGD, and CAP ? RGD groups (Fig. 7A,  B) . Cell numbers depicted from MTT study showed consistency with DNA content results at corresponding time points of the cell culture. It was shown that enhanced RGD coating by CAP treatment led increased cell adhesion which could be observed from day 1 MTT and DNA content study. Such results could be linked to increased surface roughness and biomimetic peptide coating on the Ti surface. It was previously reported that surface roughness is an important parameter that influences cellular adhesion and the rougher Ti surfaces enables better cell adhesion [64] . Similar to our result, Secchi et al. observed enhanced osteoblast adhesion on RGD peptide-coated Ti implants compared to neat Ti surface [58] . Moreover, cell proliferation and DNA content assays showed that the fastest cell proliferation after 7 days of hMSCs culture was seen on the CAP ? RGD group. These data support the hypothesis that the enhanced RGD peptide coating via intermediate plasma treatment led increased hMSCs proliferation.
Fluorescent micrographs of hMSCs after 1 day of culture on control, CAP, RGD, and CAP ? RGD groups were presented in Fig. 8 . The micrographs were analyzed and surface coverage percentage were calculated by ImageJ. These results revealed that RGD peptide coating on Ti discs enhanced the adhesion percentage of hMSCs. Furthermore, improved RGD coating by CAP treatment also enhanced cellular adhesion compared to RGD group. Similar to our findings, Vidal et al. [72] demonstrated that Ti surface functionalization with RGD peptide showed significantly increased fibroblast adhesion.
SEM images of hMSCs morphology after 7 days culturing on control, CAP, RGD, and CAP ? RGD groups also demonstrated higher cellular proliferation on CAP ? RGD group (Fig. 9) . Moreover, almost complete coverage of the surface by hMSCs was observed on the CAP ? RGD group. In line with previous studies which also confirm that cell-matrix interactions are crucial in order to provide enhanced cell proliferation as well as osseointegration, the current investigation demonstrates increased cell adhesion and proliferation when RGD peptide coating enhanced by CAP treatment. Consequently, these results suggest that enhanced coating of RGD peptide to Ti discs caused increased cellular adhesion and proliferation due to increased cell matrix interaction.
In this study, synergistic effect of CAP treatment and RGD peptide coating on cellular adhesion and proliferation over Ti surfaces was investigated. Fluorescence microscopy and AFM images confirmed RGD peptide coating on Ti discs. The in vitro biological assay and SEM images of hMSCs showed that RGD peptide coating to the CAPtreated Ti discs significantly increased on cell adhesion and proliferation. Consequently, herein described data clearly underlines the benefit of increased RGD peptide coating via CAP treatment on cell adhesion and proliferation. Improved surface characteristics of Ti discs via CAP treatment and RGD coating might lead development of novel dental implants that could enhance osseointegration and be a future possible clinical practice. However, further studies including in vivo tests are needed for better understanding of surface cell interactions that will cause enhanced osseointegration. Thus, CAP treatment following with RGD peptide coating could potentially be a promising surface modification technique for dental implant surface modifications.
